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Secondary degeneration reduced by inosine after spinal cord injury in rats

F Liu"** S-W You'?, L-P Yao'”, H-L Liu', X-Y Jiao', M Shi', Q-B Zhao” and G Ju*"'
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Study design: Assessment of the potential protective effects of inosine on an animal model of
spinal cord injury.

Objectives: Our previous studies have demonstrated that inosine can directly protect neurons
in vitro from zinc-induced injury and axotomized retinal ganglion cells of rats in vivo. This
investigation was carried out to examine the possible protective effects of inosine on spinal cord
secondary degeneration.

Setting: Institute of Neurosciences, The Fourth Military Medical University, Xi’an, China.
Methods: Compressive spinal cord injury (95-g load for 1 min) model was established in rats,
and inosine was administrated beginning at different time points (2, 12, or 24 h) after spinal cord
injury.

Results: Using terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling
(TUNEL) technique and hematoxylin and eosin staining, our study demonstrated that
administration of inosine as late as 12 h after injury significantly reduced the total volume of
spinal cord degenerative areas and the number of apoptotic cells 3 days following the trauma.

Conclusion:

Inosine can significantly reduce the spread of secondary degeneration and the cell

death following spinal cord injury in adult rats. These findings may find a clinical application in

the treatment of acute spinal cord injury.
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Introduction

Spinal cord trauma initiates a primary injury, which
results in immediate necrotic cell death at the lesion
epicenter, and a devastating secondary injury which
begins within minutes after initial injury and continues
for days and weeks.! * Secondary degeneration is one of
the main pathological events following spinal cord
injury (SCI). Attenuation of secondary degeneration
has been considered critical to the outcome of the
patients of SCI. Although various pharmacological
strategies, such as administrations of protein synthesis
inhibitors, free radical scavengers, gangliosides and
NMDA receptor antagonists,” ® have been developed
to reduce secondary injury, only high-dose systemic
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administration of methylprednisolone within 8h after
injury is proved clinically useful for human SCIL’”?
However, the use of methylprednisolone is effective only
within a relatively narrow time window of 8 h after SCI,
which is often impossible in many places around the
world. Therefore, it is of great interest to develop more
effective strategies for reducing secondary degeneration.

Secondary degeneration is caused by a variety of
cellular and molecular mechanisms. Cell death is an
important component of secondary injury. Although
necrosis has been considered by previous studies as a
characteristic of secondary cell death,'® recent studies
have revealed that many of the neuronal and glial cell
loss may also result from apoptosis.>*'"!> Apoptosis is
an active process of cell death that can be triggered by
both intracellular and extracellular signals and involves
a complex cascade of molecular and biochemical
reactions in the cell. Interventions targeting at such
reactions may therefore be beneficial in prevention of
secondary degeneration.

Recently, the purine nucleoside inosine has been
shown to play important roles in neuroprotection,
glioprotection, promotion of sprouting, neurite out-
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growth and axonal regeneration, immunomodulation
and anti-inflammatory effects.’* ! These effects kindle
the hope for its use in SCI to conquer secondary
degeneration. The aim of the present study was to
investigate the possible neuroprotective and ameliorat-
ing effects and the time window of inosine in an
experimental spinal cord clip compression injury model
in adult rats. Our results showed that inosine given
intraperitoneally (i.p.) within 12h after injury remark-
ably reduced the spinal cord secondary degeneration.

Methods

Animals

In this study, 66 adult male Sprague—Dawley rats (200—
220 g) were used. The experimental study was approved
by the Animal Care Committee of The Fourth Military
Medical University. All efforts were made to minimize
the number of animals used and their suffering.

Spinal cord injury and inosine administration

SCI at T8-9 was inflicted by clip compression. The rats
were anesthetized with an i.p. injection of 1% sodium
pentobarbital (50 mg/kg). A 30-40 mm dorsal midline
incision was made and laminectomy was performed at
T8-9 level. Compressive injury was produced by
transient extradural application of a modified iris clip,
which exerts a force of about 95 g on the spinal cord for
1 min. This clipping produced a moderately severe injury
with immediate complete paraplegia and delayed partial
motor functional recovery by 6 weeks. After removal of
the clip, the skin incision was closed and the animals
returned to cages with highly absorbent soft bedding in
pairs (to reduce isolation-induced stress). The ambient
temperature was maintained at 20-23°C. Manual
massage of urinary bladder was performed twice daily
until an autonomous bladder voidance reflex had
developed. The rats were randomly divided into two
groups. A SCI group of 36 rats were allowed to survive
for 6, 12, 24 h, 3, 7 or 14 days after SCI (n=6 for each
time point), respectively. Another group of 30 animals
were used for SCI with the treatment of inosine. Inosine
(Sigma-Aldrich, St Louis, MO, USA) was given i.p.
(75mg in 0.8 ml saline/kg body weight, once every 8 h),
starting at 2, 12 or 24h after injury (=06 for each
starting-time point). Normal saline used i.p. (0.8 ml/kg
once every 8h) starting at 2h after injury (n=26) and
sham-operation (7= 6) served as controls.

Histology

The animals were killed with an overdose of sodium
pentobarbital (100 mg/kg) and intracardially perfused
with saline followed by 4% cold paraformaldehyde in
phosphate buffer (PB, pH 7.4). Following perfusion, a
60 mm spinal cord segment with the lesion site at its
center was removed and put into 20% sucrose in PB at
4°C until the blocks sank. Serial 20 um frozen cross-
sections were cut on a cryostat and mounted on slides in
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six sets. One set was used for routine hematoxylin
and eosin (HE) staining, which showed the boundaries
and areas of the cord degeneration best. Another set of
the sections was used for terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick end labeling
(TUNEL) technique.

For TUNEL staining, briefly, the sections were
blocked in 3% H,0, in methanol for 15min, permea-
bilized with 0.3% Triton X-100 in phosphate buffer
saline (PBS) for 15min at room temperature, and
treated with TUNEL reagent (DeadEnd™ Colorimetric
Apoptosis Detection System, Promega, USA) according
to the kit instruction. The reaction was terminated by
incubating with 2 x SSC for 15min at room temperature
and the product visualized with the glucose-oxidase-
DAB-nickel method,?* and counterstained with Eosin.
Omission of the terminal transferase served as a negative
control.

Although the kit instruction recommended the tissue
sections be permeabilized with proteinase K (20 ug/ml in
PBS) for 10 min at room temperature, we found in our
experiment that proteinase K often caused 20 um frozen
cord sections to detach from the slide they were
mounted on, even if the incubation time was reduced
to 2min. Using 0.3% Triton X-100 in PBS for 15 min at
room temperature instead, resulted in a distinct staining.

Quantification and statistics

Volume of the degenerative area

The boundary of the degenerative areas was drawn
using a camera lucida and the areas were measured with
an image analyzing system, as previously described.?
Every cross-section of the 1/6 set was measured. The
total volume in mm? was calculated by summing up the
degenerative areas and multiplying 0.02 (the thickness of
the section) and 6 (1/6 of the sections in a set).

Number of TUNEL-positive cells

All TUNEL-positive cells were counted and examined
for the typical pathological feature of apoptosis under a
microscope at a higher magnification (40 x objective) to
exclude TUNEL-positive necrotic cells. The numbers in
each set of sections were summed up and multiplied by
6 (1/6 of the sections in a set). The mean number of
TUNEL-positive cells in each group was calculated.

Statistical analysis

The data were expressed as mean+SD and compared
with one-way analysis of variance (ANOVA) followed
by Dunnett’s test among four different groups (2, 12 or
24h inosine-treated groups and saline-treated group),
and among different time points (6, 12, 24h, 3, 7 or
14 days) after SCI. The statistical program (Origin
ver.7.0, Microcal Corp. Northampton, MA, USA)
was used for statistic analysis. P-values <0.05 were
considered significant.



Results

Changes in volume of degeneration

The degenerative area could be easily distinguished from
the relatively normal tissue in the spinal cord sections
stained with HE. However, it is not easy to clearly
demarcate the border between the secondary and
primary degenerative areas. Therefore, the whole
degenerative areas, which consisted of necrotic tissue,
apoptotic cells and cavities of various sizes, were
measured (Figure 1).

Volume of degenerative area reduced with inosine

The total volumes of degenerative area of spinal cord
with inosine treatment beginning at different time points
were shown in Figure 2. The maximum total volume
of degenerative area was observed at day 3 after injury
when the number of the TUNEL-positive cells reached
its peak, as shown in the following section. On the third
postoperative day, significant reduction of the total
degenerative volume was evidenced in rats which began
to received inosine at 2h (3.03+0.28 mm?®, P<0.01) or
12h (3.65+0.41mm’, P<0.05) after injury, compared
with that in the saline-treated animals (4.48 +0.71 mmS,
Figures 1 and 2). As expected, spinal cord in the sham-
operated animals did not exhibit degenerative area.
There was no obvious difference when the volumes of
degeneration in rats with inosine administration starting
at 24h and that with saline-treatment were compared.
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Considering the individual variation in the size of spinal
cord, a relative approach by calculating the percentage
of the degenerative area in the entire cross-section area
of the cord might better reflect the changes. The results
were similar to that of absolute volume study (data not
shown).

Volume of Secondary Degeneration

S 2o . 0%
2h inosine 12h inosine  24h inosine

Treatment

. >
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Figure 2 Volumes of cord degenerative areas (mm?) at
postinjury day 3 from animals with inosine treatments starting
at different postinjury time points. *P<0.05; **P<0.01,
compared with saline-treated control animals
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Figure 1 HE-stained representative cross-sections of injured spinal cord at postinjury day 3 from saline or inosine-treated rats,
showing degenerative areas at the lesion center and 1.5 mm caudal to the lesion. The boundary of the degenerative area is outlined.
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Temporo-spatial distribution of TUNEL-positive cells
At 6 h after injury, a few TUNEL-positive cells could be
identified in the dorsal column and the gray matter
within 1 mm rostral and caudal to the lesion area. The
mean number of TUNEL-positive cells increased when
the postoperative time increased to 12-24 h and reached
the peak at day 3. The TUNEL-positive cells were
distributed throughout the white and gray matter,
extending to over 3-4mm rostral and caudal to the
lesion areas. The number decreased at day 7 and
remained identifiable at day 14 (Figure 3).

Number of TUNEL-positive cells reduced with inosine
Sections obtained from saline-treated animals showed
massive TUNEL-positive cells at day 3 after injury,
13184.3+1647.1 cells in average (Figure 4). The number
of TUNEL-positive cells was reduced and the staining
was weaker throughout the injured cord in both the
white and gray matter with early administration of
inosine. In the group started at 2h, the number of
TUNEL-positive cells was reduced to 7946.5+876.7
(Figure 4). Such number in the 12h group was
9602.5+1000.7 (Figure 4). In both cases, the number
of TUNEL-positive cells was significant smaller than
that of the saline-treated group (P <0.01, Figures 4 and
5). No obvious reduction in the number of TUNEL-
positive cells was observed in rats treated with inosine
starting at 24 h after injury. In the sham-operated rats,
no TUNEL-positive cells were observed.

Discussion

A major clinical concern is to minimize secondary
degeneration following SCL.>** An important feature
of secondary degeneration in spinal cord trauma
is apoptosis.>*'"*'> In our study, apoptotic cells as
detected by TUNEL technique were seen at 6h after
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Figure 3 The numbers of TUNEL-positive cells in injured

cords at different time points after SCI. Such number peaked

at day 3 postinjury
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trauma, increased in number and extent of distribution
by 24h, peeked at 3 days and continued to 14 days
postinjury. The temporal changes of apoptotic cells
following SCI in the present study were similar to those
reported from rat SCI with compression or contusion
models.'"'>?* However, we found that the peak of
TUNEL-positive cells (3 days following SCI) was earlier
than previously reported (7 days following SCI).'!1224
The early peak of TUNEL-positive cells in our study
may be a result of differences in the SCI model used and
the force applied to the cord. Many studies employed
the weight drop contusion model.'""'? This kind of
model is characterized by a contusive injury without
persisting compression. In the present study, we used the
extradural clip compression model at T89. While many
features of this model are similar to the weight drop
model, the clip injury does involve a 1-min period of
severe compression, resulting in significant ischemia in
addition to the primary impact. Therefore, our com-
pressive model produced a severer injury in the cord,
thus the extent of apoptosis. Depending on the severity
of injury, apoptosis following the SCI affects a much
greater extent of area than the primary injury. In
addition, similar to the phenomenon in the brain,
apoptotic cell death could occur and progress even a
few days after the onset of ischemia. Previous studies
demonstrated that the maximum number of apoptotic
cells in the cerebral ischemia area appears as early as
12-24h following insult,”>° and these findings may
explain the early appearance of apoptosis in our study.

Although TUNEL-staining is widely used as an
important marker for apoptosis, necrotic cells may also,
at a certain stage, be TUNEL-positive.>*?” To exclude
any TUNEL-positive necrotic cells, all TUNEL-positive
cells in the present study were not only counted but

examined for the typical pathological feature of
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Figure 4 The numbers of TUNEL-positive cells at postinjury
day 3 from animals with inosine treatments starting at different
time points after SCI. ¥**P<0.01 in comparison with saline-
treated animals
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Figure 5 Micrographs illustrating TUNEL staining cross-sections 1.5 mm caudal to the lesion center, at 3 day postoperatively in
rats with saline-treatment (a) and inosine treatment starting at 2h after SCI (b). (a) Large numbers of TUNEL-positive cells were

identified in both the white and gray matter along with many

cavitations in the cross-section area of the cord. The boxed areas

correspond to the amplified white (¢) and gray (d) matter areas. (b) Only a few TUNEL-positive cells were identified in the white and
gray matter in the cross-section area of the cord. The boxed areas correspond to the amplified white (e) and gray (f) matter areas.
Arrows indicate the TUNEL-positive cells with apoptotic bodies or nuclear condensation. Bar =200 ym (a, b) and 25 um (c, d, e, f)

apoptosis under a microscope at a higher magnification.
We found that the distribution of TUNEL-positive cells
among different segments of the cord and in different
areas of a section varied markedly, but the total number
of TUNEL-positive cells of the cord was relatively
consistent (data not shown). Therefore, we chose to
count the total number of TUNEL-positive cells in the
60 mm-long injury-centered cord, rather than adopting
sampling method.

In the recent years, inosine has been reported to have
important effects on the injured nervous system. Thus,
administration of inosine in vivo can induce massive
sprouting of the normal corticospinal tract into the
lesioned side of the cord,'* stimulate significant axonal
rewiring and improve functional outcome after stroke,?®
and protect axotomized retinal ganglion cells from optic
nerve transection.'”® Inosine is also capable of
protecting astrocytes and neurons against hypoxia,
ischemia and zinc sulfate in vitro.">'™?° The present
study demonstrated that inosine could reduce apoptosis
after crushing injury of the spinal cord. Secondary
degeneration has been attributed to a number of
mechanisms underlying cell death, including ATP-
depletion, free radical overproduction, oxidative
damage, cytokines and inflammation.'* Inosine may act
through an intracellular mechanism against ATP-deple-
tion. It can also be catabolyzed to produce uric acid, an
important natural antioxidant and peroxynitrite scaven-
ger.’'** Inosine might play protective roles in acute

events such as stroke and CNS trauma because of its
antioxidant and antifree radical effects. Inosine has a
similar structure with NAD, the substrate of Poly(ADP-
ribose) polymerase (PARP). PARP is an abundant
nuclear enzyme of eukaryotic cells. It is a nuclear nick
sensor enzyme that becomes activated in response to
DNA damage and oxidant-induced cell death.?! Acti-
vated PARP cleaves NAD + into nicotinamide and
ADP-ribose and triggers necrotic cell death. Recent
studies suggested that inosine dose dependently inhibit
PARP activation in macrophages.'” It is conceivable,
therefore, that inosine may exert its neuroprotective
effects in SCI by interfering with the PARP activation
pathway. Furthermore, post-traumatic inflammation
has been implicated in the secondary injury process
after SCI.>*? Inosine may attenuate secondary damage
following the SCI by reducing the production of several
proinflammatory cytokines including TNFe, IL-1, IL-12
and IFNy,'®?! thus protect the spinal cord against
secondary degeneration caused by inflammation.

The time window for effective inosine treatment
of secondary degeneration following SCI was found to
be at least 12h, 50% longer than the 8h window of
methylprednisolone treatment. We have shown in vitro
that inosine reduced the mortality of PCI12 cells
significantly in a dose-dependent manner.'® We have
also demonstrated that the time window of the
protective effect of inosine against apoptosis of retinal
ganglion cells after optic nerve transection depends to

Spinal Cord
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a certain degree upon its dosage.?® It is possible that
higher dosage of inosine may offer a wider time window
for SCI treatment.

Conclusion

The present study shows that inosine can significantly
reduce secondary degeneration following SCI in adult
rats. These findings laid a basis for future clinical
application of inosine in treating acute SCI.
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